Despite many previous studies of the osmotic properties of erythrocytes, unequivocal answers have not been given to two important questions: 1) Is the erythrocyte in osmotic equilibrium with its normal surrounding fluid? 2) When the osmotic properties of the surrounding fluid are varied, does the erythrocyte gain or lose water to the extent necessary to remain in osmotic equilibrium with the new surroundings-that is, does the erythrocyte behave as a perfect osmometer over a wide range?
Despite many previous studies of the osmotic properties of erythrocytes, unequivocal answers have not been given to two important questions: 1) Is the erythrocyte in osmotic equilibrium with its normal surrounding fluid? 2) When the osmotic properties of the surrounding fluid are varied, does the erythrocyte gain or lose water to the extent necessary to remain in osmotic equilibrium with the new surroundings-that is, does the erythrocyte behave as a perfect osmometer over a wide range?
Previous work related to these questions has been of two general types: measurements of changes of volume of the erythrocytes as the osmotic concentration of the extracellular phase was altered; and measurements of one or more of the colligative properties of the solutions involved. The present study is of the latter type. The osmotic behavior of the normal human erythrocyte has been investigated over a wide range of concentrations by a cryoscopic method and a method for measuring the melting point of microscopic samples. The results give affirmative answers to both of the above questions and illustrate some of the difficulties which may be expected in studies of osmotic properties of any tissues. IT Part of this work was done during tenure of a postdoctoral fellowship of the United States Public Health Service.
MATERIAL AND METHODS
All samples of blood were obtained from healthy, white male and female medical students or young physicians. Venous blood was collected anaerobically and transferred to a mercury-containing bulb, in which the blood was defibrinated by shaking. In experiments in which disruption of red cell membranes was desired, this was achieved by freezing the samples in a mixture of solid carbon dioxide and 95 per cent ethyl alcohol for five to seven minutes, followed by gradual warming to room temperature. This procedure resulted in complete hemolysis; no red cells could be identified microscopically in the samples and only an insignificant amount of red cell mass could be separated from the hemolyzed mixture by centrifugation.
In studies in which cells were separated from their surrounding fluid, this was achieved by centrifugation, under oil, at a relative centrifugal force of 600 X G for 50 to 60 minutes in Tygon® tubing bent in the shape of a "U" and inserted in the cups of the centrifuge. After centrifugation, a small portion of the supernatant was reserved under oil. The tubing was then clamped a short distance below the surface of the packed cells, cut on the underside of the clamp and the cell mass expelled into an oil-containing tube. The volume of packed cells, where used, was measured in Daland tubes by centrifugation at a relative centrifugal force of 600 X G for 50 to 60 minutes; this was shown to produce a constant volume. As noted in the discussion below, this measurement of volume of packed cells was considered to represent fairly accurately the cell volume in normal whole blood, but not in samples in which the osmotic activity had been significantly altered.
The first series of experiments involved measurement of freezing point depressions using a Fiske osmometer, calibrated as previously described (1) . Reproducibility of the instrument on replicate samples, with care to achieve the same degree of supercooling before crystallization, was within 1 to 2 milliosmoles per Kg. water (mOsm.) throughout the range from 100 to 500 mOsm. Readings on each sample were repeated until at least two readings were within 2 mOsm. of each other; usually the first two readings were within these limits. The average of all readings is reported in the tables of Results.
The units of "milliosmoles" (per Kg. H20) are used in the first part of this study because the readings for freezing point depression were actually recorded in this form, because they can be readily converted to degrees of depression of freezing point (1,000 mOsm. =freezing point depression of 1.860 C.) and because these units have become familiar as a way of expressing "osmotic activity" of biological solutions. However, the thermodynamic property of the solution which is actually being quantified by such measurements is the activity of water in the solution.
The second series of experiments involved measurements of the melting points of tiny samples of hemolyzed red cells and their former surrounding fluids. The apparatus used was made from the design of Ramsey and Brown (2) with slight modifications. A sample drop, about 1 X 10-'-10-7 ml., is taken up in a microcapillary tube, preceded and followed by paraffin oil. It is frozen by immersion in dry-ice-alcohol for 15 to 20 seconds and placed in a bath of the apparatus which is already cooled below the melting point of the sample. With the aid of a microscopic attachment, crystals of ice can readily be seen in the sample, even in samples of pure hemolyzed red cells. The temperature of the bath is then raised very slowly, at a rate of 0.001 to 0.0020 C. per minute, in the vicinity of the expected melting point. The disappearance of the last ice crystal is taken as the melting point of ice in that solution. With care and practice, replicate readings on a sample of serum agreed within less than 0.0050 C. Variability in samples of hemolyzed red cells was somewhat greater but was rarely greater than 0.010 C. All readings are reported in the tables. A sample reading required 10 to 20 minutes. The finding of Hamburger (5) and Collins and Scott (6) , that the depressions of freezing point of whole blood and the serum separated from the same blood are identical, was confirmed in 10 samples (Table I ). This observation was extended to freezing point depressions of one-toone mixtures of whole blood and solutions of sodium chloride, compared with the supernatant fluid removed from the same mixtures after centrifugation. In 10 such mixtures, the osmolality of which extended from 212.5 to 521.5 mOsm., the freezing point depression was the same for the whole mixture and the supernatant ( between defibrination of the blood and the determination of freezing point on the hemolyzed sample. In 64 samples of various osmotic activities the freezing point of the nonhemolyzed aliquot was determined initially and again just after the determination of the hemolyzed sample. The second determination gave a slightly but significantly lower osmotic activity than the firstbetween 0.5 and 1.0 mOsm. lower. In the data reported in Table II and 497 mOsm.), a comparable decrease in ac-activity-freezing point depression or any other tivity with hemolysis was found (Table IV) .
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that, in contrast to the results with saline and The change in osmotic activity with hemolysis is sucrose, the differences obtained between unhemo-small but, within the limits of the design of the present study, highly predictable from sample to sample of normal blood. Furthermore, the difference between hemolyzed and unhemolyzed aliquots of the same sample varies in a predictable fashion as the osmotic concentration of the fluid outside the red cells is varied by changing the concentrations of solutes which will not readily cross the red cell membranes, e.g., sodium chloride or sucrose. However, this difference is not affected by the addition of urea, a solute which diffuses easily into the red cell. Thus, the total osmotic activity of the solutions inside and outside the cell is not the determinant of the variation in differences of osmotic activity before and after hemolysis. These results are consistent with, but more extensive than, previously reported studies. Thus Hamburger (9) found that the freezing point depression of horse and dog serum was 1 to 2 per cent lower than that of the hemolyzed blood. Mukai (10) obtained similar results in samples handled under paraffin oil, with a mean difference between serum and hemolyzed whole blood (expressed in the units of the present paper) of 5.9 mOsm. Utilizing Barger's vapor pressure method, which involves the measurement of change of length of drops of fluid, separated by air spaces in capillary tubes, Mukai found no measurable difference in the vapor pressures of a mixture of laked blood and serum (1: 1), and serum alone. However, in the diluted blood samples with which he was working, a difference in vapor pressure between serum and hemolysate-serum mixture of a magnitude similar to that observed in the present study could have been missed.
Of the three conditions mentioned above, there is independent evidence that the second, absence of appreciable change in activity coefficients of the solutes present, does not hold. In his studies of the osmotic properties of hemoglobin, Adair (11) found that the activity coefficient of hemoglobin increased with increasing concentration of hemoglobin; i.e., the total osmotic activity of hemoglobin solutions increased at a progressively greater rate than the concentration of hemoglobin in the solution. Similar properties for plasma proteins have been described by Scatchard, Batchelder and Brown (12) . From Adair's findings one would predict the following events: 1) When whole blood is hemolyzed, and the concentration of hemoglobin in the solution falls from that of the interior of the red cell to a much lower level in the hemolyzed blood, the osmotic activity of the hemoglobin would decline even more. Thus the total osmotic activity of the hemolyzed blood would be expected to have a lower value than the activity produced by the same total amount of solutes in the same total amount of water when the hemoglobin was contained in the red cell. 2) Similarly, when the blood is mixed with hypertonic NaCl, if water moves freely across the cell membrane in response to osmotic forces, water would leave the cell, and the concentration of hemoglobin would rise. However, the osmotic activity of hemoglobin would rise even more and thus osmotic equilibrium would be reached with less movement of water out of the cell than would have occurred if there were no change in the activity coefficient of the hemoglobin. When such cells are then hemolyzed, the concentration of hemoglobin falls more than it does when cells in isotonic media are hemolyzed, and the osmotic activity of the hemoglobin would be expected to decline even more. Thus a greater difference in osmotic activities, before and after hemolysis, would be expected under hypertonic conditions than under isotonic conditions. The reverse would be expected with cells exposed to hypotonic media.
Qualitatively, the present data are in agreement with such predictions based on Adair's findings. An approximate quantitative comparison can be made for the hemolysis of normal whole blood. For an average concentration of hemoglobin within the normal red cell of 34 Gm. per 100 ml. solution, Adair's data indicate that the osmotic activity of the hemoglobin would be about 18.7 mOsm. If we assume that the total osmolality within the cell equals that of the serum, which has a mean value in our studies of 285.3 mOsm., then the osmotic activity of intracellular solutes other than hemoglobin would be: 285.3 -18.7 = 266.6 mOsm. With hemolysis, the hemoglobin would be diluted to a concentration of 15.4 Gm. per 100 ml. solution. At this concentration the hemoglobin would have, by Adair's data, an osmotic activity of 3.7 mOsm.
The average contents of water measured in 10 samples of blood (together with packed cell volume) and five samples of serum were 0.3145 ml. H20 in the red cell per ml. blood and 0.5092 ml. H20 in the serum per ml. blood. volume of red cells exposed to hypotonic or hypertonic media (13) . A reliable value for packed cell volume is required for the calculation of the concentration of hemoglobin in the unhemolyzed cells, from which its osmotic activity may be determined from Adair's data. However, the differences in osmotic activity seen in the various blood-saline mixtures, before and after hemolysis, are in the direction which is to be expected from Adair's observations.
It may be noted that the apparent loss of osmotic activity found by Appelboom, Brodsky, Tuttle and Diamond (14) for boiled whole blood might also be accounted for by the change in the activity coefficient for hemoglobin introduced by dilution of their samples.
The fact that the changing activity coefficient of hemoglobin can account for the change in osmotic activity with hemolysis does not, of course, exclude other possible explanations of the observed change. A more direct comparison of the osmotic activity of the pure contents of the red cells with that of their surroundings is highly desirable. In the present studies attempts to determine directly, with the Fiske osmometer, the freezing point of pure hemolyzed red cells did not give satisfactory results because of the great and irregular degree of supercooling. Previous writers have recognized supercooling as a problem (15, 16) . The wide range of values obtained in our attempts, similar to the range reported by Brodsky and co-workers (4), for crushed red cells from normal dogs, could not be considered satisfactory direct measures of the osmotic activity of ruptured red cells.
Attempts to compare the osmotic activity of hemolyzed red cells with that of their surroundings by a comparative vapor pressure technique [the isopiestic technique (17)] were also unsatisfactory. Details of the problems encountered will be furnished upon request.
A third method of comparing the colligative properties of these solutions, the use of melting points, gave more satisfactory results, as follows.
Melting points of hemolyzed red cells and their former surrounding fluid
Three types of samples were used: 1) whole blood mixed one-to-one with a sodium chloride solution, 5.0 Gm. per L., and then separated into cells and supernatant; 2) whole blood mixed oneto-one with sodium chloride solution, 22.22 Gm. per L., and then separated into cells and supernatant; and 3) whole blood separated into cells and serum. Separation of cells, hemolysis of the red cells and measurement of melting points on microscopic samples were done as described in Methods.
Tables VI, VII and VIII give the results. By an analysis of variance of these data one can place the limits of confidence given in the tables about the mean differences between melting points of hemolyzed red cells and the surrounding fluid to which they had been exposed prior to hemolysis. Thus, as shown in Table VI difference between hemolyzed red cells and serum.
The studies on whole blood (Table VIII) are presented in two parts. Series A includes the first samples studied by this method. Statistical analysis of the first 10 samples indicated a difference in melting point between serum and cells, that of the cells being slightly higher (i.e., less solute concentration). However, it was noted that this difference was contributed almost entirely by the differences in the first three samples that had been measured. Accordingly, another series of whole blood samples was studied, with two additional precautions: The samples were centrifuged in a temperature controlled centrifuge at 220 C., and the order in which the two readings on serum and two readings on red cells were done was randomized for the total of four readings on each sample. The control of temperature of centrifugation was instituted because it had been noted that in a noncooled centrifuge the samples became quite warm by the end of centrifugation.
The results of measurements on whole blood with these added precautions and at a time when technical handling of the whole procedure was improved by practice are given in Series B of Table VIII . Variability within samples was decreased and there is clearly no significant difference in this series in the melting point of hemolyzed red cells and serum from the same samples. The 95 per cent confidence limits on the mean difference of + 0.00042°C. are from -0.00712 to + 0.007950 C. (+ 4.26 to -3.82 mOsm.), distributed almost equally about zero difference. As already noted, if all determinations on normal whole blood are included in one analysis, the mean difference is also not significantly different from zero.
Thus there appears to be no significant difference between the melting points of hemolyzed red cells and the fluid to which the cells had been exposed, prior to separation and hemolysis, at the three levels of osmotic activity studied.
DISCUSSION
In the few previous studies of osmotic properties of red cells which have utilized direct measure- The present experiments with melting point determinations demonstrate, with considerable statistical confidence, that the osmotic activity of the contents of the red cell is not significantly different from that of the extracellular phase to which the cell was exposed prior to rupture. This is true not only of cells previously in normal serum, but of cells which had been exposed to extracellular mixtures of serum and saline at concentrations from 210 to 520 mOsm. The red cell therefore appears to act as a "perfect osmometer" over the range of concentration studied here, gaining or losing sufficient water to remain in osmotic equilibrium with its surroundings. Stated in other terms, the activity of water inside the red cell is the same as that outside over a wide range of activities. Two untested assumptions underlie this statement: 1) The actual process of rupture of the red cell membrane by freezing and thawing does not significantly alter the solute concentration in the red cell contents; and 2) measurements made at -0.3 to -1.00 C. accurately reflect the comparative colligative properties of red cells and surroundings at room temperature or body temperature. This assumption is supported by the finding of Roepke and Baldes (19) that there is no significant effect of temperature, from 0 to 29.40 C., on the comparative vapor pressures of red cells and reference solutions of serum, sodium chloride or sucrose.
In contrast to the above results and interpretation of studies of colligative properties, the studies of the osmotic behavior of the red cell using measurement of changes of cell volume have been generally interpreted as indicating that the cell is not a perfect osmometer [see Ponder (20, 21) for reference to the early literature and for discussion of these findings and of the sources of error in measuring cell volumes]. In most such experiments the changes in cell volume when the osmotic activity of the extracellular fluid is changed have not been as great as would be predicted for a simple osmometer. Even though a few studies, such as that by Hendry *(13), give opposite results, the general consistency of direction of change in the data obtained by various methods of measuring cell volume makes it necessary to seek some explanation for the less than expected changes in volume with changes in external osmotic activity.
Four explanations have been proposed: 1) The structure of the membrane resists change in volume. This view would allow the red cell to be in osmotic equilibrium with its surroundings in isotonic media but not in hypotonic or hypertonic media, which is not consistent with the findings of the present study.
2) The red cell may gain or lose solutes as the composition of the surrounding media is changed. The present studies have no direct bearing upon such possible movements. However, the results obtained with the addition of sucrose solutions (Table IV) and urea (Table V) indicate that the osmotic behavior of the red cell is related to the concentrations of solutes which do not cross the red cell membrane.
3) Some of the water within the red cell is "bound", i.e., not available to participate in changes in the red cell content of water in response to changes in osmotic activity outside the cell.
4) The changes in cell volume are what would be expected on the basis of Adair's evidence (11) for the changing osmotic coefficient of hemoglobin, and with allowance for this property of hemoglobin the red cell does behave as a perfect osmometer.
The acceptability of the "bound" water concept would seem to depend upon the sense in which this term is used. It can be taken to mean the same thing as is meant by the changing osmotic coefficient of hemoglobin. That is, when one states that the osmotic coefficient of hemoglobin increases with increasing concentration of hemoglobin in a solution, an equivalent statement would be that the activity coefficient (and therefore total activity) of water decreases under these circumstances. If "bound" water is equated with "decreased activity coefficient" of water, then explanations 3 and 4 are equivalent and are consistent with available evidence including the present study.
Another approach to the question of "bound" water has been to add known amounts of solutes which would be expected to distribute in all available water which could act as "solvent" water and then to measure the concentration of the solute in the system or its effect on the colligative properties of the system. Earlier studies indicated the presence of a significant proportion of "nonsolvent" water in the red cell (22, 23) . Hill (18) found less than 5 per cent of red cell water to he nonsolvent water. Roepke and Baldes (19) found small but consistent amounts of "nonsolvent" water which increased as the nondiffusible solute concentration of the extracellular phase was raised. They believed that the changing osmotic coefficient of hemoglobin described by Adair (11) could account for most of the "anomalous osmotic behavior" of red cells, but that some of the water of cells was not solvent for added crystalloids. However, Hutchinson (24) , using C14H30H, C14_ n-butyl alcohol and H2018, found that these molecules reached rapid equilibrium with the contents of human red cells and that all of the water of the red cells acted as "free" water with respect to these substances. This is probably the most refined technique that has been applied to the measurement of "free" water. MacLeod and Ponder (25) have pointed out that "nonsolvent" water and "bound" water may not be identical. Dick and Lowenstein (26) recently measured the change in red cell volume in the hypotonic range by a technique of immersion refractometry. Their data, which differed from that of the earlier literature in that they were so gathered that statistical treatment was possible, were consistent with the hypothesis that the red cell is a "perfect osmometer" if due allowance is made for Adair's evidence on the physicochemical properties of hemoglobin. The same interpretation fits the present data on the decrease in osmotic activity of whole blood, blood-plus-saline and blood-plus-sucrose solution. Thus it may be said that evidence from virtually all studies of the osmotic behavior of the red cell, when considered in the light of the known properties of hemoglobin, is consistent with the view that the red cell is in osmotic equilibrium with its surroundings over a wide range of concentrations.
Two observations about the method of conducting studies of the colligative properties of biological fluids have emerged from these experiments. First, examination of colligative properties of other types of cells will probably require a technique by which the cells may be effectively separated from the extracellular fluid prior to rupture of the cell membranes. It appears likely that the type of relationship which exists between the osmotic coefficient of hemoglobin and its concentration also applies to the proteins of other cells. Dick (27) comments on the probable importance of the changing osmotic coefficients of intracellular proteins in his study of the osmotic properties of fibroblasts.
Second, the problem of supercooling of fluids containing a high proportion of nonaqueous substances, which prevented accurate determination of the freezing point of hemolyzed red cells in this study, would likely be true of any other intracellular fluid. Others have reported a great variability among determinations of this type (4). Other ways of measuring colligative properties, such as the melting point technique used in this study or that described by Maffly and Leaf (28) , would probably be a sounder approach.
SUMMMARY
The osmotic behavior of the normal human red cell has been studied by two techniques which measure colligative properties. In all studies the number of samples was large enough to allow a statistical statement about the limits of confidence of the results.
The freezing point depressions of whole blood and serum from the same samples were found to be identical; this was also true when saline solutions of various concentrations were mixed with the whole blood. The freezing point depression of whole blood, whole blood-plus-saline or whole blood-plus-sucrose solutions, was found to be less after hemolysis than before hemolysis. Such a difference was present over a wide range of osmotic concentrations and varied directly with the concentration in a highly predictable fashion. These data are consistent with Adair's observation (11) that the osmotic coefficient of hemoglobin varies in a curvilinear fashion with its concentration in solution. These findings are therefore compatible with the hypothesis that the red cell remains in osmotic equilibrium with its surrounding fluid. Most previous studies which bear on this point may be similarly interpreted.
Attempts to measure the freezing point depression of hemolyzed red cells alone were not satisfactory because of the problem of supercooling. Attempts to measure the relative vapor pressures of hemolyzed red cells and serum by the isopiestic technique were also not successful.
By use of a technique for measurement of melting points of microscopic samples, it proved possible to determine this property of hemolyzed red cells and the extracellular fluid to which they had been exposed before hemolysis. Over a range of concentrations from 210 to 520 milliosmoles per Kg. H2A, the melting points of the intracellular and extracellular phases were found to be not significantly different.
It is concluded that the normal human red cell is in osmotic equilibrium with its surrounding fluid and that this equilibrium is maintained over a wide range of concentrations.
